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Optical-absorption and photoluminescence sPLd spectra have been measured on the
defect-chalcopyrite-type semiconductor CdGa2Te4 in the 0.9–1.5-eV photon-energy range at
temperatures between 11 and 300 K. The temperature dependence of the direct-gap energy of
CdGa2Te4 has been determined from the optical-absorption spectra and fit using the Varshni
equation and an analytical four-parameter expression developed for the explanation of the band-gap
shrinkage effect in semiconductors. The PL spectra show an asymmetric emission band peaking at
,1.326 eV and a symmetric emission band at ,1.175 eV at T=11 K, which are attributed to
donor-acceptor-pair recombination between exponentially tailed or Gaussian-like donor states and
acceptor levels, respectively. A multiple-exponential fit analysis of the PL emission suggests
acceptor levels of 50 and 86 meV and a deep donor level of 190 meV, together with an unidentified
shallow level of 9 meV. An energy-band scheme has been proposed for the explanation of PL
emission observed in CdGa2Te4. © 2005 American Institute of Physics. fDOI: 10.1063/1.1845582g
I. INTRODUCTION
The ternary semiconducting compounds AIIB2
IIIC4
VI have
been widely investigated because of their potential applica-
tions to electro-optic, optoelectronic, and nonlinear optical
devices.1 Most of these compounds have defect-chalcopyrite
sspace group=S4
2d or defect stannite sspace group=D2d
11d
structure.2 CdGa2Te4 is one of the defect-chalcopyrite family
and is known to have a nearly ideal chalcopyrite structure.3
Although the material has been the subject of many research
efforts, many fundamental properties are not sufficiently
evaluated or are even unknown.4
Very little is known about the optical properties of
CdGa2Te4.5,6 Paulavichyus et al.5 performed optical reflec-
tion, absorption, and photoconductivity measurements on
CdGa2Te4 films vacuum evaporated on glass substrates. The
optical-absorption edge was determined to be ,1.3 eV. Ni-
koliæ and Stojilkoviæ6 studied far-infrared reflectivity spectra
of bulk CdGa2Te4 single crystals in the 40–400-cm−1 wave-
number range at room temperature. The measured spectra
were well characterized by a five harmonic-oscillator model.
They reported the high-frequency and static dielectric con-
stants to be «‘’s«s’d=5.73 s12.04d and «‘is«sid
=6.27 s11.47d, respectively, where «‘’ s«s’d and «‘i s«sid
are the high-frequency sstaticd dielectric constants for light
polarized perpendicular and parallel to the tetragonal axis c,
respectively.
In our previous paper7 we synthesized bulk polycrystal-
line CdGa2Te4 crystals and measured their ellipsometric and
electroreflectance spectra. The measured spectra revealed
distinct structures at various critical points, and these struc-
tures were assigned to specific points in the Brillouin zone
by the aid of a band-structure calculation using empirical
pseudopotential method. Room-temperature optical absorp-
tion further indicated that CdGa2Te4 is a direct-band-gap
semiconductor having the lowest-direct-gap energy at
,1.36 eV.
In this article we present the optical-absorption and pho-
toluminescence sPLd spectra for CdGa2Te4 measured at tem-
peratures T between 11 and 300 K. The temperature depen-
dence of the lowest-direct-gap energy Eg for CdGa2Te4 will
be determined from the optical-absorption spectra. The de-
pendence of Eg on T has been commonly described by the
empirical equation proposed by Varshni.8 An analytical ex-
pression has been recently proposed by Pässler9,10 by consid-
ering the band-gap shrinkage effect in accordance with gen-
eral equations and parameter relationships governing the
electron-phonon interaction mechanism. The Eg vs T data for
CdGa2Te4 will be analyzed using these two expressions. No
PL measurement has been carried out on CdGa2Te4 to date.
We will observe two PL emission bands peaking at ,1.33
and ,1.18 eV at T=11 K. These emission bands are attrib-
uted to transitions from the exponentially tailed or Gaussian-
like donor states and acceptor levels, respectively. The expo-
nentially tailed donor states may be caused by a large
number of donors in the defect-chalcopyrite or stannite
semiconductors.1,11
II. EXPERIMENT
The CdGa2Te4 crystals used were grown by the conven-
tional Bridgman method reported in the previous paper.7
They were polycrystalline with grain size of several mm3.
The hot-probe measurements suggested that the electrical
conductivity of the samples is p type. The samples were
prepared by cutting the ingot with a wire saw, by mechani-
cally polishing, and finally, by chemically etching with a
solution of Br2 in methanol. Thickness of the samples was
,0.1 mm.adElectronic mail: ozaki@el.gunma-u.ac.jp
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The halogen lamp was used for optical-absorption mea-
surements, and the 488.0-nm line of an Ar+-ion laser sNEC
GLG3110d chopped at 320 Hz was used as the excitation
light source for PL measurements. The optical-absorption
and PL spectra were taken in the 0.9–1.5-eV photon-energy
range using a grating spectrometer sJASCO CT-25Cd and a
liquid-nitrogen-cooled Ge photodiode sHamamatsu B6175-
05d. The spectral resolution of the grating spectrometer used
was about ±0.1 nm s±0.2 meVd at the band edge of
CdGa2Te4. The measurements were performed using a
closed-cycle refrigerator cryostat sIWATANI CRT105PLd be-
tween T=11 and 300 K. Note that the experiments were car-
ried out on a few grains of the polycrystalline sample. No
attention was, therefore, paid to the polarization dependence
of the optical spectra.
III. RESULTS AND DISCUSSION
A. Optical-absorption measurements
One of the most important parameters characterizing
semiconducting properties is the band-gap energy Eg. In or-
der to determine the fundamental band-gap energy of
CdGa2Te4, we measured the optical-absorption spectra of the
material. The absorption coefficient a was determined from





where R is the reflectivity. We used a value of R=0.25 which
was obtained from our previous spectroscopic ellipsometry
data.7
Figure 1 shows the experimental absorption spectra mea-
sured at T=11–300 K for CdGa2Te4. The dependence of a
on photon energy E can be written as
asEd = AsE − Egdn, s2d
where n=1/2 and 2 correspond to the direct and indirect
band gaps, respectively. We found that the fit is superior for
n=1/2 than for 2. The fact suggests that CdGa2Te4 may be a
direct-gap semiconductor, in agreement with our band-
structure calculation.7 The plots in Fig. 1 give intercepts,
Eg,1.44 eV sT=11 Kd, ,1.42 eV sT=100 Kd, ,1.38 eV
sT=200 Kd, and ,1.35 eV sT=300 Kd, on the energy axis.
Traditionally, temperature variation of the band-gap en-
ergy is expressed in terms of Varshni’s formula8




where Egs0d is the band-gap energy at T=0 K, a is in eV/K,
and b is closely related to the Debye temperature of the
material sin Kelvind. The dashed line in Fig. 2 represents the
least-squares fit of the experimental data to Eq. s3d. The fit-
determined parameter values are listed in Table I.
Recently, Pässler9,10 proposed an analytical expression
which takes into account the band-gap shrinkage effect in
accordance with general equations and parameter relation-
ships governing the electron-phonon interaction mechanism,
EgsTd = Egs0d −
apQp
2 F˛p 1 + S 2TQpD
p
− 1G , s4d
where ap plays the role of a T→‘ limiting value of the
band-gap shrinkage coefficient −]EgsTd /]T, Qp is approxi-
mately equal to the average phonon temperature, and the
power exponent p is closely related to the overall shape of
the electron-phonon spectral function in the given material.
This expression is more palatable than Eq. s3d from the the-
oretical point of view. The solid line in Fig. 2 indicates the
FIG. 1. Plots of the square of the absorption coefficient, a2, vs photon
energy for CdGa2Te4 at T=11–300 K. The intercept point on the energy
axis gives the band-gap energy Eg at each temperature.
FIG. 2. Plots of Eg vs T for CdGa2Te4 determined from the optical-
absorption measurements. The dashed and solid lines represent the calcu-
lated results of Eqs. s3d and s4d, respectively. The fit-determined parameters
are listed in Table I.
TABLE I. Values of Egs0d, a, and b in Eq. s3d and those of ap, Qp, and p
in Eq. s4d for CdGa2Te4.
Egs0d seVd a smeV/Kd b sKd ap smeV/Kd Qp sKd p
1.445 0.35 30 0.35 58 1.8
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fitted result of the data to Eq. s4d. The fit-determined param-
eters are listed in Table I. We can see in Fig. 2 that these two
equations show an equally good agreement with the experi-
mental data in the T=11–300-K temperature range.
The effective phonon temperature Qp in Eq. s4d is ex-
pected to be related to the Debye temperature uD by Qp
,2/3uD.9 The Qp value listed in Table I is 58 K. We can,
thus, obtain uD,87 K for CdGa2Te4. No uD value has been
reported for CdGa2Te4. We can, however, find that the esti-
mated value of uD,87 K is smaller or larger than the CdTe
values of uD,158 K at T=0 K and ,44 K at T=290 K
sRef. 12d, respectively.
Differentiating Eq. s4d with respect to T, we obtain
]EgsTd
]T
= − apS 2T
Qp
Dp−1F1 + S 2T
Qp
DpGs1−pd/p. s5d
The temperature coefficient ]Eg /]T for CdGa2Te4 at T
=300 K obtained from Eq. s5d is −0.35 meV/K. No ]Eg /]T
value has been reported for CdGa2Te4. However, we can
point out that our obtained ]Eg /]T value is in excellent
agreement with that for CdTe s−0.36 meV/Kd.12
B. PL measurements
We show in Fig. 3 the PL spectra for CdGa2Te4 obtained
at temperatures between 11 and 180 K. The vertical arrow
indicates the position of the band-gap energy Eg at each tem-
perature. It is evident from Fig. 3 that at low temperatures,
the PL spectra show the dominant emission peak at ,1.3 eV
sDA1d with a shoulder at ,1.2 eV sDA2d. At temperatures
higher than ,120 K, the ,1.3-eV emission peak becomes
very weak and, as a result, the low-energy shoulder is ob-
served only as the single emission peak. No band-edge emis-
sion has been recognized in the PL spectra even at low tem-
peratures.
The donor-acceptor sDAd-pair emission band can be
modeled using a Gaussian line shape as
IDAsEd = SDA expF− sE − Epd2
G2
G , s6d
where Ep is the DA-pair emission-peak energy, and SDA and
G are the strength and spectral width parameters, respec-
tively.
Figure 4sad shows the fitted result of the experimental
PL spectrum measured at T=11 K sopen circlesd to Eq. s6d
by taking into account the two Gaussian peaks, DA1 and
DA2. It is evident from Fig. 4sad that the simple Gaussian
line-shape model gives no good agreement with the experi-
mental data, especially at both sides of the DA1 emission
band s,1.33 eVd.
In order to achieve a better fit with the experimental
data, we assume that the density of states in the conduction-
band tail of the DA1 emission band depends exponentially
on the energy distance from the unperturbed conduction-
band edge13









eff is the effective sor “center-of-gravity”d energy of
the exponentially tailed donor states ssee Fig. 9, belowd, Ed is
the so-called “demarcation level” of the donor states, ND1
0 is
the density of donor states at E=Ed and T=0 K, and m is the
slope of the conduction-band tail. Here, the ED1
eff term is in-
troduced in order to take into account the thermal excitation
of the exponential donor electrons into the conduction band
ssee Fig. 6, belowd. The slope parameter m is assumed to be
independent of T.
The exponentially tailed donor states may arise from the
failure in the periodic distribution of the stoichiometric voids
in the defect-chalcopyrite structure.11 Anedda et al.14 mea-
FIG. 3. PL spectra of CdGa2Te4 measured at T=11–180 K. The vertical
arrows indicate the positions of the band-gap energy Eg.
FIG. 4. Theoretical fit of the PL spectrum for CdGa2Te4 measured at T
=11 K. The dashed lines in sad represent the DA-pair components obtained
from Eq. s6d sDA1 and DA2d, while those in sbd are obtained from Eqs. s10d
sDA1d and s6d sDA2d. The vertical arrows indicate the position of the band-
gap energy Eg at T=11 K.
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sured the photoconductivity of CdIn2S4 and found a high
density s,1020 cm−3d of electron trap levels with an expo-
nential distribution in energy. They explained such higher-
density electron traps in terms of higher disorder in the cat-
ion sublattice. The same electron traps as in CdIn2S4 have




The acceptor states are assumed to exhibit a broadened









0 is the acceptor concentration, EA1 is the acceptor
ionization energy, and G is the width parameter of the accep-
tor states.
As we will see later, the temperature dependence of the
PL intensity for the ,1.33-eV peak sDA1 did not show a
simple exponential behavior, expsEA1/kTd, defined by an ac-
tivation energy EA1 of the acceptor states. We found that the
experimental results can be well explained by a double-
exponential fit.16 Note that the photogenerated carrier distri-
bution in localized states cannot be described by thermal
equilibrium conditions. We, therefore, modify Eq. s8d by tak-




1 + B1e−EA1/kT + C1e−EX/kT
3expF− sE − EA1d2
G2
G . s9d
Note that the double-exponential fit model promises the pres-
ence of another acceptor level at an energy EX.
The resultant DA-pair recombination intensity IDA1sE ,Td
can be given by the convolution integral as13
IDA1sE,Td = PDA1E NA1sE8,TdND1sE8 + E,TddE8, s10d
where PDA1 is the DA-pair sDA1d transition probability
which is assumed to be independent of E and T. The param-
eters G and Ed influence essentially the peak width and
asymmetry of the spectrum, respectively. The m value to be
fit determined below is 9.2 eV−1.
Figure 4sbd shows the fitted result of the experimental
PL spectrum using Eq. s10d for the DA1 emission. The con-
tribution of the DA2 emission is assumed to be given by Eq.
s6d. Individual contributions of the DA1 and DA2 emission
bands are shown in Fig. 4sbd by the dashed lines. Assuming
the exponentially tailed donor density of Eq. s7d, the theoret-
ical calculation begins to show excellent agreement with the
experimental data over the entire photon-energy range. Note
that this type of luminescence has been commonly found in
spectra of defect-chalcopyrite and stannite AIIB2
IIIC4
VI semi-
conductors, such as CdGa2Se4,17 CdIn2Te4,18 CdIn2S4,19,20
ZnGa2Se4,21 ZnIn2S4,13 and ZnIn2Te4 sRef. 22d ssee also
Refs. 1 and 11d, although no detailed analysis has been per-
formed up to date.
We show in Fig. 5 the temperature dependence of the
DA-pair emission energies, Ep sDA1d and Ep sDA2d, and the
demarcation level width Ed for CdGa2Te4. For comparison,
the temperature dependence of Eg is plotted by the heavy
solid line. As similar to Eg, Ep sDA2d decreases with increas-
ing T. Ep sDA1d and Ed, on the other hand, decrease more
rapidly than Eg. The temperature coefficients for Ep sDA1d
and Ed are found to be about −2.5 meV/K at T,120 K,
which is an order larger than that for Eg s−0.35 meV/K, see
Fig. 2d.
The DA-pair emission energy can be theoretically ex-
pressed as EpsTd=EgsTd−EA−ED+ se2 /4p«rd, where r is the
paired DA distance. The lowest possible DA-pair energy is
given in the limit r→‘ by EpsTd=EgsTd−EA−ED. The de-
pendence of Ep on T may, thus, be very similar to EgsTd.
Besides the band-structure change induced by thermal ex-
pansion of the lattice, the temperature dependence of Eg is
known to be mainly due to the electron-phonon interaction.
The temperature coefficients for Ep and Ed, −0.2 meV/K
at T,150 K, observed in ZnIn2Te4 were about twice smaller
than that for Eg s−0.43 meV/Kd.22 The very weak tempera-
ture dependence of Ep in this material resembles deep-center
luminescence typically observed in II-VI semiconductors.23
A very shallow localized level, for which the electron orbital
extends many interatomic spacing, can be reasonably as-
sumed to interact with the host-lattice phonons and the local
modes can be neglected. A highly localized deep lumines-
cence center as the self-activated center in II-VI semiconduc-
tors, on the other hand, can be interpreted by the configura-
tional coordinate model. It is unclear that the exponential-
donor–acceptor-pair states in defect-type semiconductors are
highly localized or not; however, it is likely that they interact
not only with the fundamental mode of vibration but also
with a number of phonon modes. This may lead to the un-
usual temperature dependence of the DA-pair emissions ob-
served in CdGa2Te4 sFig. 5d, ZnIn2Te4 sRef. 22d, and
AgIn5S8 sRef. 24d.
The demarcation level width Ed in ZnIn2Te4 at T
=11 K was found to be ,0.01 eV smaller than Eg.22 How-
ever, its temperature variation was much smaller than that of
FIG. 5. Variations of the band-gap energy Eg, demarcation level width Ed,
and DA-pair peak energies Ep’s as a function of temperature T for
CdGa2Te4.
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Eg and, thus, a crossover occurred between Eg and Ed at T
,90 K. Then, for T.90 K sEd.Egd a part of the donor
electrons in the demarcation levels can be transferred to the
conduction band, resulted in an appearance of the band-edge
sEgd emission fsee Fig. 8scd in Ref. 22g. On the other hand,
no Eg−Ed crossover can be found in CdGa2Te4 over T=11
and 300 K sFig. 5d. We can, therefore, never observe any
band-edge emission in PL of CdGa2Te4 ssee Fig. 3d.
The temperature-dependent strength parameter of the



























In Fig. 6, we show the variations of SDA for the DA1 and
DA2 emission bands as a function of temperature T. The
solid lines represent the calculated results of Eqs. s11d and
s13d with SDA1
0
=9.12310−3, A1=50, B1=7000, C1=3.5 fEq.
s11dg and SDA2
0
=1.65310−4, A2=23105, B2=2800 fEq.
s13dg, respectively. The activation energies determined here
are EA1=50 meV, EX=9 meV, and ED1eff =47 meV fEq. s11dg;
EA2=86 meV and ED2=190 meV fEq. s13dg, respectively.
The dashed and dotted lines in Fig. 6 are also obtained by
putting C1=0 si.e., neglecting EXd or A1=0 si.e., neglecting
ED1
eff d into Eq. s11d, respectively. No good agreement can be
achieved between these calculated results and experimental
data.
Figure 7 shows the full width at half maximum W for the
DA1 and DA2 emission bands as a function of temperature T
in CdGa2Te4. One of the important results of the configura-
tional coordinate model is the form of the temperature de-
pendence of the emission band width WsTd sRef. 23d
WsTd = A + BFcothS"vq2kTDG1/2, s15d
where "vq is the energy of the vibrational mode that inter-
acts strongly with the luminescence center in its exited elec-
tronic states. The solid lines in Fig. 7 show the calculated
results of Eq. s15d. The fitting parameters are given in Table
II. We find that the "vq value of 23 meV for the DA2 emis-
sion is nearly the same as that of the longitudinal-optical
sLOd phonons in CdTe s"vLO,21 meV, Ref. 12d, while the
"vq value of 13 meV for the DA1 emission is much smaller
than the LO-phonon value in CdTe, "vLO,21 meV. It is not
clear at present where the smaller "vq value determined for
the DA1 emission corresponds to its unique temperature de-
pendence of Ep ssee Fig. 5d or not.
The dashed lines in Fig. 7 represent the fitted results
using an expression




where Ws0d is the T=0-K value. Note that this expression
has the same form as the Varshni’s equation of Eq. s3d. The
Ws0d, a, and b values determined here are listed in Table II.
It is seen in Fig. 7 that Eq. s16d shows a poorer agreement
with the experimental data compared with Eq. s15d.
FIG. 6. Variations of the strength parameters SDA1 and SDA2 as a function of
temperature T for CdGa2Te4. The solid lines show the calculated results of
Eqs. s11d sSDA1d and s13d sSDA2d, respectively. The dashed and dotted lines
are also calculated from Eq. s11d by putting C1=0 si.e., neglecting EXd or
A1=0 si.e., neglecting ED1eff d, respectively.
FIG. 7. Variations of the spectral widths W for the DA1 and DA2 emissions
as a function of temperature T for CdGa2Te4. The solid and dashed lines
represent the calculated results of Eqs. s15d and s16d, respectively. The fit-
determined parameters are listed in Table II.
TABLE II. Values of A, B, and "vq in Eq. s15d and those of Ws0d, a, and b
in Eq. s16d for CdGa2Te4.
A smeVd B smeV/Kd "vq smeVd Ws0d smeVd a smeV/Kd b sKd
DA1 7.3 134 13 141 3.6 1000
DA2 35 205 23 239 1.8 1000
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The PL spectra observed in CdGa2Te4 showed the two
DA-pair emission bands; asymmetric DA1 and symmetric
DA2 bands. In order to confirm these two bands as actually
due to the DA-pair emissions, we examined the excitation
intensity dependence of the PL peak energy and integrated
emission intensity at T=11 K. Figure 8 presents the results
of these experiments. It is seen in Fig. 8sad that the DA1
sDA2d peak energy Ep increases from 1.302
s1.177d to 1.330 eV s1.209 eVd as the laser excitation inten-
sity increases from 0.02 to 2 W/cm2. For the DA-pair re-
combination, the excitation laser power Iex can be expressed,




sEB − E‘ − 2Epd
expF− 2sEB − E‘dEp − E‘ G , s17d
where I0 is a proportionality constant, EB is the emitted pho-
ton energy of a close DA pair separated by a shallow-
impurity Bohr radius, and E‘ is the emitted photon energy of
an infinity distant DA pair. The solid lines in Fig. 8sad rep-
resent the fitted results of the experimental Ep values to Eq.
s17d. The fit-determined DA1 sDA2d parameters are EB
=1.43 eV s1.43 eVd and E‘=1.25 eV s1.11 eVd. We can find
that these parameters satisfy the DA-pair emission require-
ment of E‘łEp=1.302–1.330 eV sEp=1.177–1.209 eVd
łEB for the DA1 sDA2d emission.





The dimensionless exponent g is known to be 1,g,2 for
free-exciton or bound-exciton emission and gł1 for free-to-
bound or DA-pair emission. The solid lines in Fig. 8sbd rep-
resent the fitted results of the experimental data to Eq. s18d.
The g values, 1.0 sDA1d and 0.9 sDA2d, support the assign-
ment of these PL emissions to DA-pair recombination at
least for T=11 K. The relatively strong thermal quenching of
the PL intensity is a formidable barrier to make the same
assignment at high temperatures.
We finally show in Fig. 9 the schematic energy-band
diagram and PL transitions observed in CdGa2Te4 for T
=11 K. The conduction-band and valence-band density of
states can be represented by the well-known expressions of
NC~ sE−ECd1/2 and NV~ sEV−Ed1/2, respectively. The expo-
nentially tailed donor states of Eq. s7d and broadened
Gaussian-like acceptor states of Eq. s8d are also shown in
Fig. 9. The acceptor levels determined here are centered at
50 meV sDA1d and 86 meV sDA2d above the top of the
valence band, respectively. The double-exponential quench-
ing behavior of the IDA1 emission suggests the presence of
another impurity or trap level with an activation of EX
=9 meV.
The PL emission caused by transitions from the expo-
nentially tailed or Gaussian-like donor states to acceptor lev-
els showed the typical DA-pair recombination characteris-
tics, as demonstrated in Fig. 8. It is easy to consider that in
the vacancy tetrahedral semiconductors such as CdGa2Te4,
the vacancies in the cation sublattice are the origin of the
exponentially tailed donor states and Gaussian-like acceptor
levels.14 The photogenerated electrons in the conduction
band can be efficiently transferred, via energy relaxation, to
the exponential-donor states. The exponential-donor-related
emission DA1 is, thus, the dominant PL mechanism in
CdGa2Te4. Reflecting the exponentially tailed donor states,
the DA1 emission band observed is strongly asymmetric
with tail at the low photon-energy side. An intermixing of the
exponential and Gaussian donor states sED2=190 meVd may
be the main cause of the large temperature change in Ep
sDA1d and its intensity for Tø50 K sFigs. 5 and 6d. The
band-to-band emission has never been observed in
CdGa2Te4. This is because always Ed,Eg in CdGa2Te4. In
ZnIn2Te4, EdłEg for Tł90 K and Ed.Eg for T.90 K;
then, the band-to-band emission was observed only for T
.90 K.22
IV. CONCLUSIONS
We have measured the optical-absorption and PL emis-
sion spectra on the defect-chalcopyrite-type ternary semicon-
FIG. 8. sad Excitation intensity dependence of the PL peak energies Ep’s and
sbd integrated PL intensities for the DA1 and DA2 emissions in CdGa2Te4 at
T=11 K. The solid lines in sad and sbd are calculated from Eqs. s17d and
s18d, respectively.
FIG. 9. Proposed energy-band scheme and optical transitions in CdGa2Te4
at T=11 K.
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ductor CdGa2Te4 in the 0.9–1.5-eV photon-energy range at
T=11–300 K. The lowest-direct-gap energy Eg of CdGa2Te4
obtained at 11 K and room temperature are ,1.44 and
,1.35 eV, respectively. The temperature dependence of Eg
has been fit using two individual models. The PL spectra
have been shown to originate from transitions between the
exponentially tailed or Gaussian-like donor states and accep-
tor levels. The demarcation level width of Ed=1.417 eV, a
deep donor state located at 190 meV below the bottom of the
conduction band, and acceptor levels at 50 and 86 meV
above the top of the valence band have also been determined.
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